The green-tide-forming macroalga Ulva linza was profiled by transcriptome sequencing to ascertain whether the alga carries both C 3 and C 4 photosynthesis genes. The key enzymes involved in C 4 metabolism including pyruvate orthophosphate dikinase (PPDK), phosphoenolpyruvate carboxylase (PEPC), and phosphoenolpyruvate carboxykinase (PCK) were found. When measured under normal and different stress conditions, expression of rbcL was higher under normal conditions and lower under the adverse conditions, whereas that of PPDK was higher under some adverse conditions, namely desiccation, high salinity, and low salinity. Both ribulose-1, 5-biphosphate carboxylase (RuBPCase) and PPDK were found to play a role in carbon fixation, with significantly higher PPDK activity across the stress conditions. These results suggest that elevated PPDK activity alters carbon metabolism in U. linza leading to partial operation of the C 4 carbon metabolism, a pathway that, under stress conditions, probably contributes to the hardy character of U. linza and thus to its wide distribution.
Plants can be classified into three major categories-C 3 plants, C 4 plants, and Crassulacean acid metabolism (CAM) plants--based on the mechanism by which they assimilate carbon during photosynthesis. The most common and the most primitive of the three photosynthetic pathways is the C 3 pathway, which is characterized by an initial CO 2 carboxylation to form a 3-carbon acid, namely phosphoglyceric acid (PGA) [1] . However, atmospheric CO 2 is first incorporated into C 4 acids in C 4 pathway. The C 4 pathway is a complex trait that has evolved from ancestral C 3 plants via a series of anatomical and physiological adaptations [2, 3] .
Compared with C 3 plants, C 4 plants utilize a biochemical CO 2 -concentrating mechanism combining a faster rubisco that make them to use nitrogen and water more effectively [4] . C 3 -C 4 intermediates which possess the characteristics of both C 3 plants and C 4 plants, may be a transitional stage in the evolution of C 4 pathway from C 3 pathway [5] .
The mechanisms of uptake and fixation of inorganic carbon (Ci) have been researched extensively in land plants whereas information on the photosynthetic pathway in aquatic plants is relatively scarce, and no fixed standard is so far available for classifying them on the basis of their photosynthesis pathway. Aquatic higher plants, such as some species of Hydrilla, Egeria, Orcuttia, and Eleocharis, can utilize a C 4 photosynthetic system that surprisingly lacks the Kranz dual-cell compartmentation found in most terrestrial C 4 plants [6] . Under some forms of stress, malate decarboxylation by NADP malic enzyme (NADP-ME) in the chloroplasts of such facultative C 4 species triggers a chloroplastic CO 2 concentrating mechanism (CCM) [6] . Both C 4 and C 3 cycles operate in the same cell, with phosphoenolpyruvate carboxylase (PEPC) and ribulose bisphosphate carboxylase-oxygenase (rubisco) being sequestered in the cytosol and chloroplasts respectively [6] . Hydrilla verticillata, an aquatic plant which typically exhibits C 3 gas-exchange and biochemical characteristics, can be induced to be a C 4 -based CCM under exposure to low CO 2 within 10-12 days [7] . The change from C 3 to C 4 can occur without the production of new leaves, and has been documented in situ (in lakes) as well as the laboratory [7, 8] . Under low CO 2 concentration, C 4 pathway genes are upregulated and expressed in the original C 3 mesophyll cell [7, 9] .
Marine algae, despite CO 2 -limiting conditions in the oceans [10] , manage to increase the steady-state CO 2 concentration around rubisco, the principal photosynthetic carboxylase, by actively using CCM [11] [12] [13] . This mechanism diminishes the wasteful process of photorespiration by increasing the ratio of CO 2 to O 2 . Despite its great ecological impact, photosynthetic carbon acquisition by marine algae is only poorly understood so far. Photosynthetic carbon fixation pathways of marine macroalgae generally follow the C 3 pathway [14] , however, recent metabolic labeling and genome sequencing data suggest that the algae also use the C 4 pathway, and the marine diatom Thalassiosira weissflogii has been reported to do so in a single cell [15, 16] . The relevant genes involved in C 4 photosynthesis were also observed in the diatom Phaeodactylum tricornutum [17] and the green alga Ostreococcus tauri [18] . PEPC activity in T. weissflogii increases in cells acclimatized to low CO 2 , indicating a probable link between inorganic carbon uptake and PEPC [15] . McGinn and Morel (2008) also observed two PEPC gene transcripts in T. pseudonana cells up-regulated 2-to 4-fold in order to acclimatized to low CO 2 [19] . When the activity of PEPCase was restrained by 3,3-dichloro-2-dihydroxyphosphinoylmethyl-2-propenoate in T. weissflogii cells adapted to low CO 2 (10 mol L 1 ), the whole cell photosynthesis decreased by more than 90%, but had little influence on photosynthesis in the C 3 algae Chlamydomonas sp. [16] .
The genus Ulva is believed to behave as a typical C 3 plant at the biochemical level [20] . Ulva linza, the dominant Ulva species along the coastline of the Yellow Sea before May [21] , is a representative green-tide-forming macroalga [22] . Being an intertidal species, U. linza must face and cope with extremes of temperature, solar radiation, and desiccation by means of high physiological efficiency and molecular adjustment [23, 24] . Moreover, evolution places intertidal multicellular green algae between unicellular green algae and lower land plants; the organisms represent an important link in the evolution [25] and are therefore particularly valuable in investigating the evolution of the CO 2 fixation pathway. The present study, by transcriptomic sequence and analysis, first confirmed the coexistence of genes necessary for C 3 and C 4 pathway in U. linza and subsequently focused on two key enzymes, namely RuBPCase and PPDK. Ribulose-1,5-biphosphate carboxylase, a key enzyme of the C 3 pathway, is widely distributed in photosynthetic organisms and catalyzes the photosynthetic fixation of CO 2 through the Calvin cycle. Pyruvate orthophosphate dikinase, a key enzyme of the C 4 pathway, catalyzes the formation of phosphoenolpyruvate (PEP), the initial acceptor of CO 2 in the C 4 pathway [26] . The formation of PEP by PPDK is considered to be the rate-limiting step for the lowest reaction rate in the C 4 pathway [27, 28] . Our results lead us to believe that U. linza may perform C 4 photosynthetic pathway and contribute to the large-scale bloom of U. linza.
Materials and methods

Sampling and culture conditions
Samples of U. linza were collected in April 2011 from the intertidal zone (35°35′N, 119°30′E) of Zhanqiao Wharf, Qingdao, China. In the laboratory, the intact samples were washed several times with sterile seawater, sterilized with 1% sodium hypochlorite for 2 min, and then rinsed with autoclaved seawater. The sterilized material was then placed into an aquarium containing enriched and continually aerated seawater (500 mol L 1 NaNO 3 and 50 mol L
1
NaH 2 PO 4 ) and maintained at 10°C under a cycle comprising 12 h of light alternating with 12 h of darkness. The light intensity was 50 mol m −2 s −1 provided by cool-white fluorescent tubes [28] .
Transcriptome sequencing
U. linza were exposed under low temperature (5°C) and high temperature (42°C) for 1 h, respectively. The samples were placed under high light intensity (1000 mol m 2 s 1 ), high salinity (93‰) and UV-B radiation (60 W cm 2 ) for 3 h, respectively. Total RNA from every treated sample was extracted and purified, followed by synthesis and purification of double-stranded cDNA and sequencing of cDNA using a Roche GS FLX Titanium platform. To reconstruct the metabolic pathways in U. linza, high-quality reads were assigned to the Kyoto Encyclopedia of Genes and Genomes (KEGG) using the software package MEGAN (version 4.0) [29] .
Sequence analysis
The cDNA open reading frame (ORF) sequence of rbcL, acquired from GenBank, and of PPDK, obtained by transcriptome sequencing, were examined for homology with other known sequences using the BLAST X program available at the website of the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov/blast). The deduced amino acid sequence was analyzed with the Six Frame Translation of Sequence system (http://molbiol.ru/eng/ scripts/01_13.html). At last, the rbcL cDNA sequence (DQ813497) of ORF was acquired from GenBank with a 1425 bp sequence, which encodes 474 amino acid residues. The PPDK cDNA sequence (JN222388) of ORF was obtained from the U. linza transcriptome database with a 2700 bp sequence encoding 889 amino acid residues.
Chlorophyll fluorescence measurements
Fluorescence of PS II of U. linza was determined in vivo by pulse amplitude modulation using Dual-PAM-100 (Walz GmbH, Germany). The minimum fluorescence yield (F 0 ) was determined using 15 min dark-adapted samples and the maximum fluorescence yield (F m ) obtained by applying saturating pulses [30] .
The following formulae were used to calculate the optimum quantum yield (F v /F m ) and the effective PS II quantum yield (Y(II)), which reflect the potential and the actual rate of photosynthesis, respectively [31] :
where F′ m represents the maximum fluorescence yield from light-adapted samples. F is the fluorescence yield from light-adapted samples.
All the results in this study were expressed as mean values, and these were used for statistical analysis (ANOVA) using SPSS (version 17.0).
Stress treatments
The alga was subjected to different kinds of stress, namely desiccation and differing levels of salinity, light intensity, and temperature. Desiccation stress took the form of exposure to 50 mol photons m 2 s 1 for different durations (0, 1, 2, 3, 4, and 5 h); salinity stress consisted of subjecting the organism for 1 h to different salt concentrations (0‰, 15‰, 30‰, 45‰, and 60‰); and light intensity treatment consisted of 1 h exposure to 0, 50, 200, 600, 1000, and 2000 mol m 2 s
1
. For the three forms of stress, temperature was constant at 10°C, and light intensity during the salinity treatment and the temperature treatment was maintained at 50 µmol photons m −2 s −1 . Temperature stress involved exposure for 1 h to 0, 5, 10, 15, 20, 25, and 30°C. Following each stress treatment, F v /F m and Y(II) was measured by Dual-PAM-100, rbcL and PPDK mRNA expression level determined using qPCR, and RuBPCase and PPDK activity assessed.
Real-time quantitative PCR
Total RNA of U. linza samples exposed to each form and level of stress was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) as specified in the user manual and dissolved in diethypyrocarbonate (DEPC)-treated water. The cDNA used for real-time quantitative PCR was synthesized from the total RNA using Moloney murine leukemia virus reverse transcriptase (Promega Biotech Co., Madison, Wisconsin, USA).
The real-time quantitative PCR reactions were performed with the ABI StepOne Plus Real-Time PCR System (Applied Biosystems, USA) using SYBR Green fluorescence (TaKaRa) according to the manufacturer's instructions. To normalize the relative expression of the selected genes, an 18S rDNA gene was used as reference [32] . Three pairs of gene-specific primers (Table 1) were designed according to the rbcL cDNA, PPDK cDNA, and 18S rDNA sequences using Primer Express 3.0. For each selected gene, three biological replicates were assayed independently. The qPCR amplifications were carried out in a total volume of 20 L containing 10 L of 2× SYBR Premix Ex TaqTM Ⅱ (TaKaRa Biotech Co., Dalian, China), 0.6 L (10 mol L 1 )
of each primer, 2.0 L of the diluted cDNA mix, and 6.8 L de-ionized water. The qPCR amplification profile was obtained as follows: 95°C for 30 s followed by 40 cycles of 95°C for 5 s, 60°C for 10 s, and 72°C for 40 s. The 2
method was used to analyze the quantitative real-time PCR data.
Enzyme assays
The activity of RuBP carboxylase and PPDK in samples exposed to the treatments was measured, RuBP carboxylase activity by the method described by Gerard and Driscoll (1996) and PPDK activity by that described by Sayre, Kennedy and Pringnitz (1979) [33, 34] ; both methods were modified as required. For measuring RuBP carboxylase activity, each sample was ground to a fine powder in liquid nitrogen and homogenized in pre-cooled rubisco extraction solution (1 mL g ), 0.1 mL enzyme extract, and 1.3 mL distilled water. The reaction was initiated by adding 0.1 mL pyrophosphate natrium to the reaction cuvette and the A values were recorded every 20 s for 3 min at 340 nm. The PPDK activity was also expressed in terms of micromoles per gram of fresh weight per minute (μmol g -1 FW min -1 ).
Results
Transcriptome sequencing
To uncover the genomic mechanisms of U. linza when exposed to different forms of stress, a mixed transcriptome were sequenced by using Roche GS FLX Titanium as a platform to uncover the genomic mechanisms underlying rapid and successful colonization. A total of 503789 raw reads with an average length of 396 bp were generated by transcriptome sequencing, and 382884 reads were assembled into 13426 contigs with an average length of 1000 bases. KEGG analysis showed that 9356 reads were assigned to the carbon fixation pathway, which encode key genes of such enzymes as phosphoenolpyruvate carboxylase, aspartate aminotransferase, ribulose bisphosphate carboxylase, phosphoglycerate kinase, phosphoribulokinase, phosphoenolpyruvate carboxykinase, alanine transaminase, malate dehydrogenase (NADP+), pyruvate orthophosphate dikinase, and pyruvate kinase. This suggests the coexistence of the Calvin cycle (C 3 ) and Hatch-Slack (C 4 ) carbon fixation 
Photosynthetic parameters
The optimum quantum yield (F v /F m ) and effective PSII quantum yield (Y(II)) were measured to investigate the growth condition in U. linza subjected to different forms and intensities of stress. As shown in Figure 2A , F v /F m and Y(II) reduced under desiccation conditions, which indicated desiccation was stress condition for U. linza. For the salinity and temperature experiment, F v /F m and Y(II) changed only slightly under high salinity, low salinity, high temperature and low temperature conditions ( Figure 2B and D) , which indicated that U. linza was not obviously stressed. Figure  2C shows F v /F m and Y(II) decreased quickly under high light intensity, which demonstrated high light intensity was stress condition for U. linza.
Analysis of rbcL and PPDK gene expression under various forms of stress
Expression levels of rbcL and PPDK genes under the different stress treatments were determined by relative quantitative PCR. Figure 3A and B shows the profile of expression of rbcL and PPDK as affected by desiccation for varying lengths of time. The expression levels of rbcL and PPDK under normal conditions were taken as 1. The transcript levels of rbcL reduced slowly along with the time whereas PPDK increased steadily at first, peaking (a 25.2-fold increase) at 4 h, and decreased thereafter. Levels of salinity affected the expression markedly compared to that under normal salinity (30‰), which was taken as 1. The transcript levels of rbcL decreased at both low and high levels of salinity, the highest expression being that at the normal level of 30‰, whereas those of PPDK exhibited the exact opposite, with higher levels at both low and high salinity ( Figure 3C and D) . Changes in expression levels under different light intensities are shown in Figure 3E and F. For each gene, the expression under 50 μmol m −2 s −1 was taken as 1. The expression level of rbcL in the dark was similar to that under normal light intensity, whereas that of PPDK was up-regulated 2-fold in the dark. Both peaked at 200 mol m 2 s
1
. Although the expression of PPDK decreased under high light intensity, it was still higher than that under normal light intensity. Moreover, the effect of light intensities on PPDK was significantly higher than that on rbcL. The expression of rbcL and PPDK at normal temperature (10°C) was taken as 1, which happened to be the peak for both rbcL and PPDK; the levels of both fell at temperatures higher or lower than normal ( Figure 3G and H) although PPDK was affected more significantly at 0°C and 30°C. In a word, the expression of rbcL was higher under normal conditions and lower under the adverse conditions, whereas that of PPDK was higher under some adverse con- ditions, namely desiccation, high salinity, and low salinity.
Activity of RuBP carboxylase and PPDK
The activity of RuBP carboxylase weakend significantly with the duration of desiccation, the lowest level being nearly 50% of the normal level, whereas that of PPDK improved with the duration up to 4 h, the peak value being double the normal value, and decreased thereafter ( Figure  4A ). The activity of PPDK was very high under desiccation condition, even exceed RuBP carboxylase between 3-5 h. The effect of salinity level on RuBP carboxylase activity was the exact opposite of that on PPDK activity ( Figure 4B ): 30‰ salinity led to the highest level of RuBP carboxylase , and then dropped with light intensity strengthened further ( Figure 4C ). Almost no change in the activity of RuBP carboxylase and PPDK between the level under normal light intensity and darkness. Temperature affected both RuBP carboxylase and PPDK activity significantly and similarly ( Figure 4D ): both recorded maximum activity at 10°C, a level 1.4-fold and 2.2-fold than the lowest temperatures respectively. In short, both ribulose-1, 5-biphosphate carboxylase (RuBPCase) and PPDK were found to play a role in carbon fixation, with significantly higher PPDK activity across some stress conditions.
Discussion
The C 4 photosynthetic pathway is thought to be an exceptional evolutionary adaptation. Through a combination of structural and biochemical modifications brought about by mutation of genes encoding, for the most part, proteins involved in anaplerotic functions in ancestral C 3 species, C 4 plants gained the ability to outcompete these ancestors in arid, high light intensity, and saline environments that promote photorespiration [3] . C 4 plants are believed to have evolved gradually from C 3 plants through several intermediate stages of C 3 -C 4 plants [35] . However, the evolutionary processes coming into being C 3 -C 4 intermediates and C 4 plants are yet to be elaborated. In the present study, C 4 photosynthesis carbon fixation was found in the green-tideforming macroalga U. linza by means of transcriptomic analysis and molecular determination, pointing to the existence and functioning of C 4 photosynthesis in U. linza. In addition, enzyme analysis indicated that PPDK was more important for plants under stress than for those growing under optimal growth conditions. These breakthroughs give new opportunities to further uncover the origins of the C 4 pathway and its functions in C 3 plants.
The expression levels of PPDK were higher than rbcL under some forms of stress. The transcript levels of PPDK increased under desiccation condition, whereas those of rbcL decreased. The activity of RuBP carboxylase and PPDK had similar tendency under desiccation condition, which indicated desiccation condition may induce the ex-pression of C 4 photosynthesis and restrain the expression of C 3 photosynthesis. The expression level of PPDK rose at both low and high levels of salinity, whereas those of rbcL exhibited the exact opposite. The activity of RuBP carboxylase and PPDK also had similar tendency at high and low salinity conditions, which indicated high and low salinity conditions may induce the expression of C 4 photosynthesis and suppress the expression of C 3 photosynthesis. The expression of rbcL and PPDK had similar tendency under different light intensity and temperature conditions, which demonstrated high light intensity and high temperature may not induce C 4 photosynthesis in U. linza.
Recently, the C 4 pathway has been researched at the systems level by contrasting the transcriptome of a C 4 species to that of a closely related C 3 species [5, 36] . Multiple independent origins of C 4 photosynthesis suggest that the evolution of a C 3 into a C 4 plants must have been relatively easy in genetic terms [37] . It is deduced that C 4 plants evolved from their C 3 ancestors at least 30 million years ago [38] , and their expansion at the expense of C 3 plants in the late Miocene led to large-scale and lasting changes in climate and in ecosystems, modifying the frequency of fires and influencing the distribution and evolution of C 4 herbivores, including humans [1, 39, 40] . The C 4 photosynthetic pathway is one of the most significant complex adaptive traits ever acquired by hydrophytes, and the notion that aquatic environment is relatively 'benign' for plants and lacks the selection pressure that resulted in terrestrial C 4 CO 2 -concentrating mechanism. Thus C 4 systems in algae appear to be ancient forms of C 4 photosynthesis that probably predate terrestrial C 4 plants and appear to have originated in waters subjected to localized CO 2 depletion [6] .
Stress conditions often negatively affect key metabolic processes in plants [41] . However, enhanced activity of proteins related to the C 4 pathway, including PPDK, was found in higher plants under various abiotic forms of stress, such as drought, ozone, high salinity, the presence of heavy metals in soil, and the absence of phosphate and iron [40] . Moreover, the activity of these enzymes was enhanced in plants under biotic forms of stress caused by viral infections [40] . The functions of the enzymes of C 4 pathway appear to be more important for plants under stress conditions than for those under optimal growth conditions [42] . High temperature is a major environmental requirement for the evolution of C 4 pathway because high temperature directly stimulates photorespiration and dark respiration in C 3 plants [43, 44] . The availability of CO 2 as a substrate also declines at high temperatures because of lower solubility of CO 2 relative to that of O 2 [45] . Aridity and salinity are also significant environmental elements because they promote stomatal closure and reduce the concentration of intercellular CO 2 , which stimulate photorespiration and aggravate the deficiency of CO 2 as a substrate [4648]. Many C 3 -C 4 intermediates, such as intermediate species of Heliotropium [49] , Salsola [50] , Alternanthera [51] , Neurachne [51] , and a number of the Flaveria [52] , are from arid or saline zones.
C 4 photosynthesis in marine environments is particularly significant because it is likely to influence the sensitivity of algae to changes in CO 2 concentrations [16] . If C 4 photosynthesis can account for a significant portion of carbon fixation in some marine species, it will affect various aspects of marine ecology and biogeochemistry [16] . Ulva species are also highly tolerant of variations in salinity, temperature, and irradiance and are considered to be the main cause of green tides. The existence and rise of C 4 photosynthesis expression level under some stress conditions in U. linza may account for the outbreaks of green tides and the high tolerance to various adverse environmental conditions shown by the species.
Although the exact mechanism of the uptake of inorganic carbon and its assimilation in marine green algae, particularly the relative importance of C 4 and C 3 photosynthesis under various conditions, need to be elucidated further, our results indicate that C 4 pathway may play a significant role in carbon fixation. Short-term photosynthetic 14 C labeling can be used to explore C 4 pathways in U. linza in greater detail. Intriguingly, the results point to the evolution of a photorespiratory CO 2 -concentrating pump prior to the establishment of the C 4 pathway CO 2 -concentrating pump [40] . This comprehensive study adds to our knowledge of C 4 evolution and provides adequate data to guide future work. 
